Mineralocorticoid receptor (MR) has been considered as a potential target for treating atherosclerosis. However, the cellular and molecular mechanisms are not completely understood. We aim to explore the functions and mechanisms of macrophage MR in atherosclerosis. Atherosclerosis-susceptible LDLRKO chimeric mice with bone marrow cells from floxed control mice or from myeloid MR knock-out (MRKO) mice were generated and fed with high cholesterol diet. Oil red O staining showed that MRKO decreased atherosclerotic lesion area in LDLRKO mice. In another mouse model of atherosclerosis, MRKO/APOEKO mice and floxed control/APOEKO mice were generated and treated with angiotensin II. Similarly, MRKO inhibited the atherosclerotic lesion area in APOEKO mice. Histological analysis showed that MRKO increased collagen coverage and decreased necrosis and macrophage accumulation in the lesions. In vitro results demonstrated that MRKO suppressed macrophage foam cell formation and up-regulated the expression of genes involved in cholesterol efflux. Furthermore, MRKO decreased accumulation of apoptotic cells and increased effective efferocytosis in atherosclerotic lesions. In vitro study further revealed that MRKO increased the phagocytic index of macrophages without affecting their apoptosis. In conclusion, MRKO reduces high cholesterol-or angiotensin II-induced atherosclerosis and favorably changes plaque composition, likely improving plaque stability. Mechanistically, MR deficiency suppresses macrophage foam cell formation and up-regulates expression of genes related to cholesterol efflux, as well as increases effective efferocytosis and phagocytic capacity of macrophages.
Atherosclerosis is the underlying basis of coronary heart disease and cerebrovascular disease, which together account for nearly 80% of all deaths caused by cardiovascular diseases (1) . Atherosclerotic cardiovascular diseases remain to be a leading cause of mortality and morbidity worldwide, posing a great threat to public health (2) . New strategies and new targets are in need to treat atherosclerosis more effectively.
Macrophages are the major immune cells in atherosclerotic plaques and play essential roles during the whole process of atherosclerosis in different aspects, including inflammation, foam cell formation, necrosis, and phagocytic clearance (3, 4) . In the early stages, macrophages accumulated in the subendothelial space ingest modified lipids to become foam cells that are a hallmark of atherosclerosis and the major component of early fatty streak lesions (5) . These macrophage-derived foam cells secrete inflammatory cytokines and chemokines to amplify inflammatory response and to induce more accumulation of macrophages/foam cells, propelling expansion and progression of atherosclerotic plaques. In advanced lesions, apoptosis of macrophages/foam cells rapidly increases, whereas the ability of neighboring macrophages/foam cells to effectively clear the apoptotic cells (effective efferocytosis) decreases, both of which contribute to plaque necrosis and elevated inflammation. Therefore, targeting macrophages specifically has emerged as a promising novel strategy to combat atherosclerosis (3) .
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lactone and eplerenone) are highly effective in treating heart failure (9 -11) . Animal studies have shown that these antagonists inhibit atherosclerosis, whereas aldosterone, an endogenous agonist of MR, promotes atherosclerosis (8, 12) . Utilizing a myeloid MR knock-out (MRKO) mouse model, we and others have previously demonstrated that MR regulates macrophage polarization and inflammation and that macrophage MR is important in controlling cardiac and vascular remodeling (13) (14) (15) (16) (17) . However, it has remained unknown whether macrophage MR plays a role in atherosclerosis.
In the current study, we aim to study the function of macrophage MR in atherosclerosis and explore the mechanisms. We first use both low density lipoprotein receptor knock-out (LDLRKO) mice and apolipoprotein E knock-out (APOEKO) mice as the atherogenic mouse models, in combination with MRKO mice, to investigate whether macrophage MR affects atherogenesis. Then we further explore the possible mechanisms by analyzing the impacts of MR deficiency on foam cell formation and effective efferocytosis.
Results

Myeloid MR Deficiency Suppresses High Cholesterol-induced
Atherosclerosis in LDLRKO Mice-To study whether myeloid MR deficiency contributes to atherogenesis, we performed bone marrow transplantation to generate atherosclerosis-susceptible LDLRKO chimeric mice with FC (FC 3 LDLRKO) or MRKO bone marrow cells (MRKO 3 LDLRKO). Four weeks after bone marrow transplantation, the chimeric percentage was more than 90% ( Fig. 1 ). After feeding with a Western diet (high cholesterol) for 16 weeks, development of atherosclerosis was analyzed. Oil red O staining of the entire aorta demon-strated that the area of atherosclerotic lesions was significantly decreased in MRKO 3 LDLRKO mice compared with FC 3 LDLRKO mice (47.1% decrease; Fig. 2, A and B) . Similarly, oil Myeloid MR Deficiency Suppresses Angiotensin II-induced Atherosclerosis in APOEKO Mice-Furthermore, we studied the function of myeloid MR in angiotensin II-induced atherosclerosis. MRKO/APOEKO (double knock-out) mice and FC/APOEKO mice were generated and treated with AngII or saline (control). MRKO/APOEKO mice showed a significant decrease (35%) in atherosclerotic lesions when treated with saline ( Fig. 4, A and B) . MRKO/APOEKO mice also showed a significant decrease (47.7%) in atherosclerotic lesions with AngII by en face staining of the aorta (Fig. 4 , C and D). Oil red O staining of cross-sections of aortic sinus also showed significantly smaller lesion areas in the aortic sinus in MRKO/ APOEKO mice with AngII ( Fig. 4 , E and F). MRKO did not affect the development of abdominal aortic aneurysm in this model ( Fig. 4 , G-I). Metabolic parameters were comparable between MRKO/APOEKO mice and FC/APOEKO mice ( Fig.  5 ). Thus, myeloid MR deficiency suppresses AngII-induced atherosclerosis in atherogenic mice without changing the metabolic parameters, indicating direct influence of MRKO myeloid cells, particularly macrophages.
Myeloid MR Deficiency Affects Plaque Composition in LDLRKO Mice-We next analyzed components of atherosclerotic plaques by histological staining and immunofluorescence.
Collagen accumulation, necrosis, and inflammation are important features that could affect atherosclerotic plaque stability. Interestingly, picrosirius red staining demonstrated that myeloid MR deficiency significantly increased the ratio of plaque collagen coverage to total lesion area at the aortic sinus level (66.1% increase; Fig. 6 , A and B). Further, hematoxylin and eosin staining of the aortic sinus showed that myeloid MR deficiency decreased necrotic area (57.0% reduction; Fig. 6 , C and D). At cellular level, the amounts of macrophages in plaques closely correlate with atherosclerotic lesion formation and plaque stability (18) . Immunofluorescence staining of macrophages (mac2) showed that macrophage accumulation in atherosclerotic lesions was significantly decreased in MRKO 3 LDLRKO mice compared with FC 3 LDLRKO mice (49.1% reduction; Fig. 6 , E and F). Negative control (replacing mac2 antibody with IgG) did not have any positive staining for macrophages ( Fig. 6G ). Together, these changes in MRKO 3 LDLRKO mice suggest that myeloid MR deficiency may improve the stability of atherosclerotic plaques.
Myeloid MR Deficiency Inhibits Foam Cell Formation and Up-regulates Expression of Genes Related to Cholesterol
Efflux-Accumulation of macrophages in lesions and subsequent foam cell formation by cholesterol accumulation is a critical early step in the pathogenesis of atherosclerosis(4). We tested whether myeloid MR deficiency affected foam cell formation. First, bone marrow-derived macrophages (BMDMs) were obtained from FC 3 LDLRKO mice and MRKO 3 LDLRKO mice after feeding with a Western diet. Oil red O staining revealed that foam cell formation markedly decreased in BMDMs of MRKO 3 LDLRKO mice compared with those of FC 3 LDLRKO mice ( Fig. 7, A and B) . Then we examined the impact of myeloid MR deficiency on expression of genes involved in cholesterol balance in these cells. Using qPCR, we assessed mRNA levels of peroxisome proliferator-activated receptor-␥ (PPAR␥), liver X receptor-␣ (LXR␣), LXR␤, retinoid X receptor ␣, ATP-binding cassette transporter subfamily A1 (ABCA1), and ABCG1. The results showed that myeloid MR deficiency up-regulated gene expression of PPAR␥, LXR␣, retinoid X receptor ␣, and ABCG1 ( Fig. 7C ). Expression of genes such as scavenger receptor A, scavenger receptor BI, CD36, CD68, and lectin-like oxLDL receptor-1, was not significantly altered by MRKO, indicating that uptake of oxLDL was not affected (Fig. 7C ). As expected, gene expression of MR was markedly suppressed in BMDMs from mice transplanted with MRKO bone marrow ( Fig. 7C ). Second, after incubation with oxLDL, peritoneal macrophages from MRKO/APOEKO mice developed much less foam cells than those from FC/APOEKO mice (Fig. 7, D and E) . qPCR results showed that myeloid MR deficiency up-regulated gene expression of PPAR␥, LXR␣, and ABCG1 in these cells ( Fig. 7F ). Similarly, expression of genes related to uptake of oxLDL was not affected by MRKO ( Fig. 7F ). Third, flow cytometric analysis showed that peritoneal macrophages from MRKO/APOEKO mice engulfed less DiI-oxLDL than those from FC/APOEKO mice (Fig. 7, G and H) . Fourth, foam cell formation decreased in peritoneal macrophages of MRKO mice compared with those of FC mice in vitro (Fig. 7 , I and J). In addition, our results showed that MR deficiency did not influence oxidative status of macrophages ( Fig. 8) .
Myeloid MR Deficiency Increases Effective Efferocytosis of Macrophages-Macrophage efferocytosis plays essential roles in lesion development. We investigated whether myeloid MR deficiency affected macrophages efferocytosis (efficiency of phagocytic clearance of apoptotic cells). To test efferocytosis in vivo, we first detected apoptotic cells in the atherosclerotic plaques of FC 3 LDLRKO mice and MRKO 3 LDLRKO mice by the TUNEL staining. We found that myeloid MR deficiency significantly decreased the number of apoptotic cells in lesions ( Fig. 9, A and B) , indicating the possibility of increased effective efferocytosis. Indeed, the atherosclerotic plaques of MRKO 3 LDLRKO mice had a higher efferocytosis index (the ratio of macrophage-associated to free apoptotic cells) than those of FC 3 LDLRKO mice ( Fig. 9 , A and C). Therefore, myeloid MR deficiency increased macrophage efferocytosis in the atherosclerotic lesions. Macrophages from FC and MRKO mice were used to further test the impacts of MR deficiency on the phagocytic ability of macrophages. Staining of F4/80 and calcein AM almost completely merged, suggesting that most viable cells were phagocytic macrophages ( Fig. 9D ). Further merge with staining of annexin V demonstrated that macrophages (as phagocytes) from MRKO mice phagocytized much more apoptotic cells than those from FC mice ( Fig. 9D ) and that both BMDMs and peritoneal macrophages from MRKO mice had higher phagocytic index (Fig. 9, E and F) . MR deficiency did not affect apoptosis of macrophages ( Fig. 9, G and H) , further supporting the possibility that the observed decrease of apoptotic cells in atherosclerotic lesions was most likely attributable to increased effective efferocytosis.
Discussion
Although it has been demonstrated that antagonists of MR suppress atherosclerosis in different animal models (19 -22) , the cell type-specific effects of MR has not been well delineated. Our results showed that MR deficiency in macrophages attenuated atherosclerotic plaques in both high cholesterol diet-fed LRLRKO mice and AngII-infused APOEKO mice. MRKO increased collagen content but decreased necrosis and macrophage content in the plaques. Mechanistically, MRKO mitigated foam cell formation and up-regulated effective efferocytosis.
Our data suggested that targeting macrophage MR specifically might be a feasible strategy to treat atherosclerosis. Our results revealed that MR blockade in macrophages was sufficient to mitigate atherosclerosis and likely improve plaque vulnerability, indicating that macrophage MR plays essential roles in the process of atherogenesis. It is plausible to treat atherosclerosis by selectively blockade of MR in macrophages using nanoparticles, which have been proved to be effective as delivery vehicles in the setting of atherosclerosis (3, (23) (24) (25) (26) . This strategy allows local delivery of agents to block macrophage MR in atherosclerotic lesions, likely improving efficacy and circumventing systemic side effects.
Our results indicated that macrophage MR deficiency improved stability of atherosclerotic plaques. First, MRKO increased collagen coverage of atherosclerotic plaques. The amount of collagen is a major determinant for the thickness of fibrous cap that significantly affects plaque stability (27) . Second, MRKO improved effective efferocytosis and decreased macrophage accumulation and necrosis in atherosclerotic plaques. Apoptosis of macrophages and defective efferocytosis led to necrosis (4), another risk factor for plaque instability (27) . Our results suggested that MRKO mainly improved efferocytosis that might lead to suppressed macrophage accumulation and necrosis.
Macrophage MR deficiency inhibited foam cell formation likely by up-regulating expression of genes related to cholesterol efflux. Although it had been shown that antagonists of MR suppress the abilities of macrophages to oxidize LDL and uptake oxLDL (21, 28), it was not clear whether MR directly affects foam cell formation. Our results demonstrated that MR deficiency in macrophages inhibited foam cell formation, illustrating a direct role for macrophage MR. Macrophage reverse cholesterol transport plays central roles in the process of foam cell formation. MRKO increased expression of genes involved in reverse cholesterol transport. PPAR␥ and LXR␣ are among the most critical regulators of macrophage reverse cholesterol transport. The importance of both LXR␣-ABCA1 and PPAR␥-ABCG1 axis has been established in promoting cholesterol efflux and suppressing macrophage foam cell formation (29, 30) . PPAR␥ also directly regulates LXR␣, and a PPAR␥-LXR-ABCA1 pathway has been proposed (30, 31) . Our results showed that ABCG1, but not ABCA1, was affected by MRKO in macrophages. Given that both ABCG1 and ABCA1 are target genes of LXR␣, a PPAR␥-LXR␣-ABCG1 axis may well exist in macrophages to mediate the influence of MR deficiency on cholesterol efflux and foam cell formation. However, it remains to be further interrogated whether macrophage MR exerts its effects by directly acting on the PPAR␥-LXR␣-ABCG1 axis. It is also worthwhile to mention that MR deficiency does not significantly affect the expression of PPAR␥ in macrophages at baseline (14) . Our current data showed significant up-regulation of PPAR␥ in MRKO macrophages incubated with oxLDL, suggesting that pro-atherogenic factors may be required for the effect.
MR deficiency in macrophages increased effective efferocytosis through up-regulating phagocytic capacity. Defective macrophages efferocytosis is typical in advanced atherosclerosis and an underlying mechanism for necrosis and rupture of atherosclerotic plaques (5, 32) . Our results showed that MRKO improved macrophage efferocytosis both in vivo and in vitro. Furthermore, MRKO increased the phagocytic index without affecting apoptosis of macrophages, suggesting that phagocytic capacity was the major contributor.
Taken altogether, our data have revealed the important roles of macrophage MR in foam cell formation, efferocytosis, and high cholesterol-or AngII-induced atherosclerosis. The study supports targeting macrophage MR as a potential strategy to treat atherosclerosis.
Experimental Procedures
Animal Procedures-Myeloid MR knock-out (MRKO: MR fl/fl , LysM-Cre) and floxed control (FC: MR fl/fl ) mice were gener- Bone Marrow Transplantation-6 -8-week-old male or female recipient LDLRKO mice were irradiated with 900 rads (Gamma Cell 3000Elan, Nordian, Canada). Bone marrow cells from donor mice (MRKO or FC mice) were collected and at least 5 ϫ 10 6 bone marrow cells were injected into each recipient mouse intravenously. Mice without bone marrow transplantation all died in 1-2 weeks after irradiation, and the survival rate of mice with FC or MRKO bone marrow cells was ϳ90% ( Table 1) . After reconstitution for 4 weeks, the mice were fed with a West-ern diet containing 1.25% cholesterol (Research diet, D12108C) for 16 weeks (33) .
To evaluate chimeric percentage, MRKO mice were bred to EGFP mice to yield double heterozygotes (MR fl/w /LysM-Cre/ EGFP ϩ/w or MR fl/w /EGFP ϩ/w ). Bone marrow cells of these mice were injected into recipient LDLRKO mouse after irradiation. After 28 days, blood of chimeric mice (MR fl/w /LysM-Cre/ EGFP ϩ/w 3 LDLRKO or MR fl/w /EGFP ϩ/w 3 LDLRKO) were analyzed by flow cytometry to evaluate the percentage of EGFP chimerism.
Infusion of AngII-Alzet osmotic minipumps (model 2004; Alzert) were implanted into male or female MRKO/APOEKO and FC/APOEKO mice at 6 months of age. After the mice were anesthetized by isoflurane inhaling, minipumps were placed into the subcutaneous space of mice through a small incision in the back of the neck. The incision was then sutured. The osmotic minipumps delivered AngII (Sigma) at 1.44 mg/kg/day for 4 weeks. AngII was dissolved in sterile saline, and osmotic minipumps delivering saline were used as controls (34) .
Atherosclerotic Lesion Analysis-The mice were euthanized by anesthetic overdose, and the aortas were dissected. For en face analysis, the aortas were washed for 2-3 min in 70% alcohol, stained in Sudan IV for 6 min, washed in 80% alcohol for 6 min, and then washed three times in PBS. Finally, the stained aortas were pinned flat, intimal side up, onto plain black wax for analysis. Lesion development was expressed as percentage of lesion areas (red staining) to total aortic surface area. In addition, aortic roots were fixed in 4% paraformaldehyde in PBS overnight at 4°C, frozen in OCT medium, and cut into sections (10 m) using a cryostat. Sections were dried at room temperature, incubated in 60% isopropanol for 10 min, stained in oil red O solution for 5 min, washed in 60% isopropanol for 30 s, and then counterstained with hematoxylin. Lesion area was evaluated using Adobe Photoshop and Image-Pro Plus software (35) .
Analysis of Abdominal Aortic Aneurysm-The mice were euthanized by anesthetic overdose, and the aortas were dissected. The aortas were fixed in 4% paraformaldehyde in PBS overnight at 4°C. Photographs were taken under microscope and further analyzed.
Lipids Analysis-Blood samples were collected from mice using EDTA as anticoagulant. The samples were centrifuged at 3000 rpm for 15 min to obtain plasma that was used for determination of cholesterol and triglycerides concentration (35) .
Histologic Analysis-Frozen sections of aortic roots were stained with picrosirius red to assess collagen content of the plaques (36) . In addition, hemotoxylin and eosin staining was used to determine necrotic areas.
Immunofluorescence Staining-Frozen sections of aortic roots were fixed in acetone for 10 min, rehydrated with PBS, incubated in blocking buffer containing normal goat serum, stained with primary antibody overnight, and then stained with secondary antibody. Hoechst was used to identify nuclei (37) .
Macrophages in plaques were detected using mac2 primary antibody. Apoptotic cells in plaques were detected using TUNEL kit (Roche). The results were analyzed using an Olympus inverted fluorescent confocal microscope.
Bone Marrow-derived Macrophages-BMDMs were obtained as described before (38) . Briefly, after the mice were euthanized by anesthetic overdose, bone marrow cells were obtained from hind legs. The cells were plated in RPMI 1640 containing 20% FBS and 30% L929-cell conditioned medium for 7 days before use.
Thioglycollate-elicited Peritoneal Macrophages-Thioglycollateelicited peritoneal macrophages were obtained as described before (39) . Briefly, 1 ml of 3% Brewer's thioglycollate medium (Sigma) per mouse were injected into the peritoneal cavity. After 4 days, the mice were euthanized with anesthetic overdose. Peritoneal exudate cells were obtained by rinsing the peritoneal cavity with 5 ml of cold PBS three times, centrifuged at 1000 rpm for 10 min, and plated in culture media (DMEM containing 10% FBS). After 2 h, the cells were washed with PBS, and new culture medium was added.
Analysis of Foam Cell Formation-Peritoneal macrophages or BMDMs were plated in DMEM or RPMI 1640 containing FBS and different concentration of oxLDL. The cells were fixed for 30 min in 10% formalin, rinsed in double distilled H 2 O, washed in 60% isopropanol for 5 min, stained in Oil Red O solution for 5 min, and then counterstained with hematoxylin for 1 min. The percentage of foam cells were expressed as percentages of oil red O-positive cells to total macrophages (40) . Additionally, peritoneal macrophages were incubated with DiI-oxLDL for 12 h, and the fluorescent signals were analyzed by flow cytometry.
Analysis of Gene Expression-Total RNA was isolated from cells and converted into cDNA using a PrimeScript reverse transcriptase reagent kit (Takara). RT-qPCR was carried out using SYBER green master mixes and custom primers on an ABI7900 real time PCR machine (Life Technologies). Relative gene expression was analyzed using the ⌬⌬Ct method with L32 as a normalizing standard.
Flow Cytometric Analysis-Tail vein blood of chimeric mice was collected in capillary tubes with anticoagulant. After lysis of red blood cells, blood samples were analyzed by flow cytometer (FACSAria; BD Biosciences) to evaluate the fluorescent signals of EGFP. For analysis of foam cell formation, DiI-oxLDLtreated peritoneal macrophages were detached with trypsin. Samples were subsequently analyzed by flow cytometer (excitation, 514 nm; emission, 565 nm). Mean fluorescence intensity was quantified using FlowJo software (BD Biosciences).
Determination of Macrophage Phagocytic Ability-To assess macrophage efferocytosis in atherosclerotic lesions, sections of aortic roots were stained with mac2 to detect macrophages, with TUNEL to detect apoptotic cells, and with DAPI to detect nuclei. Apoptotic nuclei that overlapped with macrophages were considered "macrophage-associated," and those that did not overlap with macrophages were considered "free." The ratio of macrophage-associated apoptotic cells to free apoptotic cells was calculated as the efferocytosis index (41) . For in vitro assays, macrophages (peritoneal macrophages or BMDMs) were rendered apoptotic by treatment with 15 g/ml 7-keto- cholesterol (7KC) for 19 h and labeled with Alexa Fluor 594annexin V (red; Invitrogen). Viable cells were labeled with calcein AM (green; BD Biosciences). Macrophages (phagocytes) were stained with F4/80 (blue; Abcam). The apoptotic macrophages and phagocytic macrophages were mixed at a ratio of 1:1 and incubated at 37°C for 1 h. Macrophage phagocytic index was determined as the ratio of macrophages harboring apoptotic cells to total number of macrophages (41, 42) .
Measurements of Oxidative
Status-For macrophage-mediated LDL oxidation, peritoneal macrophages were incubated with LDL (100 g/ml) in phenol-free DMEM supplemented with 2 M CuSO 4 . After 6 h, the extent of LDL oxidation was measured by thiobarbituric acid reactive substance assay, and the results were expressed as nmolmalondialyde/mg LDL (21) . For cellular lipid peroxidation, macrophages were incubated with dichlorofluorescein diacetete (2.5 ϫ 10 Ϫ5 mol/liter per 2 ϫ 10 6 cells) at 37°C for 30 min. Mean fluorescence intensity was assayed with flow cytometry (FAC-SAria; BD Biosciences) (43) . For cellular superoxide anion production, macrophages were incubated with Krebs-Henseleit/HEPES buffer and 10 mol/liter dark-adapted lucigenin for 10 min. After the addition of NADPH (100 mol/liter), chemiluminescence was recorded every 2 min by spectrophotometry (43) . FIGURE 9 . Myeloid MR deficiency increases efferocytosis of macrophages. A, representative immunofluorescence staining of macrophage efferocytosis in aortic sinus from FC 3 LDLRKO mice and MRKO 3 LDLRKO mice. Macrophages or foam cells were stained with mac2 (green) and apoptotic cells were stained with TUNEL (red). Red arrows indicate free apoptotic cells. Yellow arrows indicate macrophage-associated apoptotic cells. B, quantification of apoptotic cells in the lesions (n ϭ 5-7). C, quantification of efferocytosis index in the lesions. The efferocytosis index is the macrophage-associated apoptotic cells/free apoptotic cells (n ϭ 5-7). D, representative immunofluorescence staining of apoptotic macrophages phagocytized by BMDMs from FC or MRKO mice. Viable cells were labeled with calcein AM (green), macrophages were labeled with F4/80 (blue), and apoptotic cells were labeled with Alexa Fluor 594-annexin V (red). Yellow arrows indicate macrophages that have phagocytized apoptotic cells. E, quantification of phagocytic index of BMDMs from FC and MRKO mice (n ϭ 3). F, quantification of phagocytic index of peritoneal macrophages from FC and MRKO mice (n ϭ 5). G, the ratio of apoptotic peritoneal macrophages incubated with 7KC (n ϭ 4). H, the ratio of apoptotic BMDMs incubated with 7KC (n ϭ 4). NS, not significant. *, p Ͻ 0.05. 
